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 24 
Abstract 25 
The 8.2 ka event is a well-known cooling event in the Northern Hemisphere, but is poorly 26 
understood in Madagascar. Here, we compare paleoclimate data and outputs from paleoclimate 27 
simulations to better understand it. Records from Madagascar suggest two distinct sub-events (8.3 28 
ka and 8.2 ka), that seem to correlate with records from northern high latitude. This could indicate 29 
causal relationships via changes in the Atlantic Meridional Overturning Circulation (AMOC) with 30 
changes in moisture sourceÕs δ18O, and changes in the mean position of the Inter-Tropical 31 
Convergence Zone (ITCZ), as climate modelling suggests. These two sub-events are also apparent 32 
in other terrestrial records, but the climatic signals are different. The prominent 8.2 ka sub-event 33 
records a clear antiphase relationship between the northern and southern hemisphere monsoons, 34 
whereas such relationship is less evident during the first 8.3 ka sub-event. DataÐmodel comparison 35 
have also shown a mismatch between the paleoclimate data and the model outputs, the causes of 36 
which are more or less understood and may lie in the proxies, in the model, or in both data and 37 
model. Knowing that paleoclimate proxies and climate models produce different sets of variables, 38 
further research is needed to improve the dataÐmodel comparison approach, so that both 39 
paleoclimate data and paleoclimate models will better predict the likely climate status of a region 40 
during a specified time in the past with minimal uncertainties. 41 
 42 
Keywords: Holocene; Speleothems; Stable isotopes; ITCZÐMonsoon; Madagascar; 8.2 ka event; 43 
Paleoclimate modeling; dataÐmodel comparisons; AMOC. 44 
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1. Introduction  46 
The Ò8.2 ka eventÓ, an event that occurred between 8.5 and 7.9 thousand years (ka) ago 47 
(see Fig. 2 of Morrill et al., 2013a), is now well-defined as a clear abrupt climate perturbation of 48 
the early Holocene period (e.g. Alley et al., 1997; Barber et al., 1999; Morrill et al., 2013a). It was 49 
first identified in Switzerland (Zoller, 1960) and later in Canada (Hardy, 1977), but it was not 50 
scientifically recognized and named until the late 1990s, when more marine and terrestrial 51 
evidence was obtained (Alley et al. 1997). Overall, it was marked by regional cooling in the North 52 
Atlantic and surrounding regions (e.g., Johnsen et al., 1992; Alley et al., 1997; Marshall et al., 53 
2007; Bond et al., 2001; Klitgaard-Kristensen et al., 1998; von Grafenstein et al., 1998; Barber et 54 
al., 1999; Alley and çgstsdttir, 2005), a 90% increase in forest fires in eastern Canada (e.g. 55 
Taylor et al., 1996; Alley et al. 1997), a decrease in atmospheric methane (Chappellaz et al., 1993; 56 
Blunier et al., 1995; Alley et al., 1997), a change in vegetation (e.g., Park et al., 2018), and 57 
significant climate anomalies in several regions such as changes to dry climate (Street-Perrott and 58 
Perrott, 1990; Gasse, 2000; Alley et al., 1997; Wang et al., 2005; Liu et al., 2013); changes in 59 
winter storm intensity (e.g., Oster et al., 2017), and changes in summer monsoon intensity (e.g. 60 
Cheng et al., 2009; Wang et al., 2005; Voarintsoa et al., 2017a).  61 
Since the work of Alley and co-workers in 1997, the 8.2 ka event has attracted the attention 62 
of many scientists to investigate the causes (e.g. Alley and çgstsdttir, 2005; Barber et al., 1999; 63 
Bond et al., 2001; Clark et al., 2001; Clarke et al., 2004; Renssen et al., 2001; LeGrande et al., 64 
2006; Vonmoos et al., 2006; Rohling and Plike, 2005, Mass et al., 2008; Muller et al., 2009; 65 
Vare et al., 2009), the consequences (e.g. Thornalley et al., 2009; Andrews et al., 1999; Keigwin 66 
et al., 2005; Alley and çgstsdttir, 2005), the characteristics (e.g. Clark et al., 2001; Cheng et al., 67 
2009; Retrum et al., 2013; Clarke et al., 2004; Hillaire-Marcel et al., 2007), and the climatic 68 
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responses at different locations worldwide (e.g. Cheng et al., 2009; Boch et al., 2009; Alley and 69 
çgstsdttir, 2005; Rohling and Plike, 2005; Morrill and Jacobsen, 2005; Park et al., 2018). 70 
Several climate simulations have been used to better understand the mechanisms behind and the 71 
main forcings of the 8.2 ka event (e.g. Goosse et al., 2002; Clarke et al., 2009; Renssen et al., 2001; 72 
Wiersma and Renssen, 2006; Tindall et al., 2009; Gordon et al., 2000; Pope et al., 2000; LeGrande 73 
et al., 2006; LeGrande and Schmidt, 2008; Bauer et al., 2004; Meissner and Clark, 2006; Tindall 74 
and Valdes, 2011; Renssen et al., 2001; Wiersma et al., 2006; Li et al., 2009; Bauer et al., 2004; 75 
Meissner and Clark 2006; LeGrande et al., 2006; LeGrande and Schmidt, 2008; Thomas et al. 76 
2007; Tindall et al., 2009; Matero et al., 2017). Model outputs have been compared with empirical 77 
data (e.g. Renssen et al., 2001; Holmes et al., 2016; Wiersma and Renssen, 2006) to improve 78 
climate simulations and the simulated climate forcings known to have caused the 8.2 ka event. 79 
Given that there is a considerable body of information on the causes and magnitude of climate 80 
changes during the 8.2 ka event, data for this event could be thoroughly investigated to test the 81 
sensitivity of changes in ocean circulation in climate simulations. This would be a major step in 82 
improving climate prediction in future as noted elsewhere (e.g. Marshall et al., 2007; Wiersma et 83 
al., 2011; Morrill et al., 2013a), specifically in the Southern Hemisphere (SH).  84 
Despite the extensive literature on the 8.2 ka event, it is also evident that more data are 85 
needed in the tropical regions of the SH (Morrill and Jacobsen, 2005; Morrill et al., 2013a; also 86 
see Fig. 4a of Wanner et al., 2011). Here we document in more detail the timing and structure of 87 
the 8.2 ka event in NW Madagascar, first reported by Voarintsoa et al. (2017c) in a study 88 
examining the last ca. 9800 years. We also examine links to global climate (oceanic and 89 
atmospheric) system, particularly ITCZ and monsoon behavior. To do this, we compare our 90 
stalagmite data with the output data from the climate simulation models of Matero et al., (2017), 91 
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which is a new approach in the study of MadagascarÕs paleoclimate. We run additional analytical 92 
and statistical tests to better interpret the δ18O and δ13C values of the stalagmite and to understand 93 
the model outputs. For the analytical tests, we run Hendy tests on traceable spelean layers (~0.5 94 
mm thick) to test for potential kinetic effects during CaCO3 deposition. For the statistical tests, we 95 
used the Kolmorogorov-Smirnov (KS) two-sample test to determine if the distribution of 96 
precipitation between the control run and the 8.2 ka model scenarios is significantly different 97 
during interval studied. We also compared paleoclimate data from other locations than Madagascar 98 
with the model outputs to evaluate the model performance during the event period. Using both 99 
empirical and simulation data, we discuss how changes in AMOC during the 8.2 ka event may 100 
have impacted the climate of Madagascar, and the climate of other regions. We also discuss the 101 
differences between the model outputs and the paleoclimate data, and provide insights on the 102 
possible influence of the Aghulas Current, a warm current of South Atlantic, southwest off 103 
Madagascar (e.g., Beal et al., 2011; Rayner et al., 2011; Rhs et al., 2013) as recommendations to 104 
refine future climate models, when investigating changes in the AMOC. 105 
 106 
FIG. 1 here (1.5Ðcolumn fitting page) 107 
2. Setting 108 
Stalagmite ANJB-2 was collected from Anjohibe Cave (S15¡ 32' 33.3", E046¡ 53' 07.4"), 109 
in NW Madagascar (Fig. 1a). The environmental setting of the cave is described in Voarintsoa et 110 
al. (2017 bÐc). The cave lies within the southern area of the Narinda Karst, which is the outcrop 111 
of a gently dipping (3Ð5¡ W) layer of Eocene limestone (Middleton and Middleton, 2002). 112 
Vegetation is dominated by savanna grasses with sparse endemic satra palms (Medemia nobilis) 113 
and other trees adapted to the long dry season and periodic fires (Brook et al., 1999; von Cabanis 114 
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et al., 1969; Wright et al., 1996; also see Fig. 1b of Crowley and Samonds, 2013). NW Madagascar 115 
has a Tropical Savanna Climate (Aw; Kppen-Geiger climate classification), with a mean annual 116 
rainfall of ~1428 mm (historical data from 1901 to 2015; see Fig. 1b) and temperatures varying 117 
between 17¡C and 36¡C (1901Ð2015; see Fig. 1c). Summer rainfall is monsoonal (November-118 
April), and it is linked to the seasonal migration of the ITCZ during austral summers (DGM, 2008; 119 
Jury, 2003; Tadross et al., 2008; Voarintsoa et al., 2017a, b). Temperatures inside the cave vary 120 
between 24.5¡C and 26 ¡C, a range of temperature that approximates the external mean annual 121 
temperature in the region (Fig. 1c). When measurements were taken in May 2014, relative 122 
humidity in the cave varied between 72 and 87%, and PCO2 varied between 400 and 500 ppm. 123 
 124 
Table 1 here (landscape oriented) 125 
FIG. 2 here (2Ðcolumn fitting page) 126 
3. Data and simulations 127 
3.1. Paleoclimate data: Stalagmite ANJB-2 128 
This study focuses on the radiometric dates, the stable oxygen and carbon isotope data, the 129 
changes in mineralogy, and other petrographic features of the basal 194 mm of Stalagmite ANJB-130 
2, which includes the period of the 8.2 ka event. The δ18O and δ13C values reported herein were 131 
corrected to calcite if the spelean mineralogy was aragonite, to account for the latterÕs inherent 132 
fractionation of heavier isotopes (e.g. Tarutani et al., 1969; Rubinson and Clayton, 1969; Kim et 133 
al, 2007; Romanek et al., 1992). In addition to these stable isotope data, we took a new series of 134 
photomicrographs, using the Leica DMLP microscope that is equipped with Q-Capture. We 135 
combined these photomicrographs into a mosaic to illustrate the petrographic characteristics of the 136 
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interval of interest (Fig. 2e). Our multiproxy investigation focused at the interval where the Ò8.2 137 
ka eventÓ is clearly defined and radiometrically constrained (Table 1; Fig. 2). This basal section 138 
of Stalagmite ANJB-2 is ideal for empirical data-simulation model comparison because it has a 139 
series of reliable and accurate U-Th dates (Table 1). Most of the twelve 230Th ages obtained have 140 
uncertainties less than 50 years. Of the twelve dates, only one sample and its replicate (ANJB-2-141 
120) were rejected because of the high detritus content, as indicated by low 230Th/232Th atomic 142 
ratios (ranging from 108 to 197e-06), the high porosity of the aragonite layer, easily identified on 143 
the hand sample, and because the age is not in stratigraphic order even when the large age 144 
uncertainties are considered (137 and 252 years for the duplicate samples). A StalAge model 145 
(Scholz and Hoffman, 2011) suggests an almost linear stalagmite growth rate of ca. 0.16 mm/yr, 146 
allowing us to obtain a sampling resolution of 3 to 8 years for the stable isotope records (n=370). 147 
Common reliable paleoclimate proxies, including δ18O and δ13C, mineralogy, and 148 
petrography (e.g. McDermott, 2004; Lachniet, 2009; Wong and Breecker, 2015; Railsback et al., 149 
1994; Sletten et al., 2013; Asrat et al., 2007; Voarintsoa et al., 2017c; Fairchild and McMillan, 150 
2007; see also Table 1 of Voarintsoa et al., 2017b), were used to provide a comprehensive 151 
understanding of the environmental changes during the 8.2 ka event in NW Madagascar. For a 152 
better interpretation of the stable oxygen and carbon isotope proxies, we investigated further the 153 
longitudinal correlation between δ18O and δ13C for the basal part of Stalagmite ANJB-2, using the 154 
parametric Pearson correlation coefficient. In this case, the mathematical form of the correlation 155 
was expressed using the Major Axis of the Model II Regression (Fig. 5). In addition to this 156 
correlation test, we collected three sets of four samples, consisting of ~50 to 100 µg powders of 157 
CaCO3 extracted along three clearly visible and traceable layers with consistent thickness (~0.5 158 
mm) at 1 mm (layer C), 207 mm (Layer B), and 218 mm (Layer A) from the top of the stalagmite 159 
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to understand the degree of kinetic fractionation during the event period. For this layer-specific 160 
Hendy test, powder extraction was done using a handheld drill equipped with 0.2 mm-end drill 161 
cut. Samples were sent to the Alabama Stable Isotope Laboratory, and δ18O and δ13C 162 
measurements were done on a Delta V Plus at 50 ¡C. Layers A and B were examined to understand 163 
kinetic isotope effects (KIE) during the event period (respectively at the onset and near the end of 164 
the first 8.3 ka sub-event described later; Fig. 4), and Layer C was sampled as a modern analogue, 165 
i.e., to understand KIE under present conditions at the cave. 166 
 167 
FIG. 3 here (1.5Ðcolumn fitting page) 168 
FIG. 4 here (2Ðcolumn fitting page) 169 
FIG. 5 here (1Ðcolumn fitting page) 170 
 171 
3.2. Paleoclimate simulations: Model description ? 172 
The simulation of the 8.2 ka event that we used here is the published simulation of Matero 173 
et al. (2017), which uses the HadCM3 fully coupled atmosphere-ocean-vegetation GCM developed 174 
by the UK Met Office (Valdes et al., 2017; with the MOSES2.1 land-surface model and the 175 
TRIFFID dynamical vegetation model). The horizontal resolution of the atmosphere component 176 
of the model is 2.5¡ x 3.75¡, with 19 unevenly spaced vertical levels. The ocean component has a 177 
horizontal resolution of 1.25¡ x 1.25¡, a rigid lid, 20 unevenly spaced vertical levels, and maximum 178 
vertical resolution in the upper 300 m. Physical parameterizations in the ocean include 179 
thermodynamic sea-ice and eddy-mixing schemes. In this simulation, a 100Ðyear long freshwater 180 
pulse with a peak value of 0.61 Sv was input into the Labrador Sea. The perturbation represented 181 
the meltwater from the collapse of an ice saddle over Hudson Bay entering the North Atlantic 182 
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through the Hudson Strait (Carlson et al., 2008; Gregoire et al., 2012). In combination with 183 
background meltwater flux of 0.05 Sv input to the same area throughout the simulation, this 184 
meltwater flux is equivalent to a eustatic sea level rise of 4.2 meters over 400 years. The simulation 185 
produced a cooling pattern that is in good agreement with the amplitude and duration recorded in 186 
most of the robust European lake and North Atlantic sediment records (Morrill et al., 2013b), as 187 
well as the 160Ðyear duration and 3¡C amplitude of the 8.2 ka event recorded in ice cores from 188 
Greenland (Thomas et al., 2007; Kobashi et al., 2007). 189 
 190 
FIG. 6 here (2Ðcolumn fitting page) 191 
3.3. Kolmogorov-Smirnov test on the model outputs 192 
To better understand the significance of precipitation changes during the event period, we 193 
run the Kolmogorov-Smirnov (Massey, 1951 and references therein; Stephens, 1970) two-sample 194 
test between the control run and the 8.2 ka model scenarios, using the online KS-calculator of 195 
Kirkman (1996) and the free statistical software R. The Kolmorogorov-Smirnov test is a 196 
nonparametric test for overall equal distribution of two univariate samples, with the null hypothesis 197 
(H0) being the two samples are taken from two random size populations (X and Y, with size m and 198 
n respectively) with equal distribution (i.e.,	"#(%) = "((%)	for all x, with F denoting the 199 
cumulative distribution function). The KS-test is a test of a goodness of fit, and it is based on the 200 
maximum absolute difference (D) between the empirical cumulative distribution functions 201 
(ECDF) of the two samples, expressed as )*, = -.%	(%)	|012(%)	– 014(%)|	. Small D values 202 
indicate closeness of the two distributions, and large D values indicate the opposite.   203 
 204 
FIG. 7 here (1Ðcolumn fitting page) 205 
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3.4. Data-model comparison 206 
Because paleoclimate proxies and climate models produce different sets of variables, we 207 
normalized and standardized both the simulated values from climate model and the paleoclimate 208 
proxy (Fig. 9). For normalization, we scaled the values to the [0,1] range using the minimumÐ209 
maximum values scaling, using the following function: normalize <- function(x) {return ((x - min(x)) 210 
/ (max(x) - min(x)))}. In this case, minimum values indicate less precipitation and maximum values 211 
more precipitation (Fig. 9a). For standardization, we calculated the mean and the standard 212 
deviation of every set of data. Then, we subtracted the mean from the value of each dataset, and 213 
divided the difference by the standard deviation using the following function: standardize <- 214 
function(x) {return (x Ð average (x)) / (stdev(x))}. These normalization and standardization approaches 215 
were done to ease comparison between models and proxy data and to ease interpretation of the 216 
results. Prior to calculating these values, we resampled the time series of each proxy data using the 217 
simple interpolation method of the AnalySeries 2.0 software (Paillard et al., 1996) so that the 218 
proxies share similar time series with the simulations.  219 
4. Results  220 
4.1. Proxies 221 
For the period between 9.1 and 7.8 ka BP, we found a periodicity of ~800 years in the 222 
isotopic records and an overall trend towards higher delta values towards 7.8 ka BP (Fig. 4), which 223 
marks the end of the Malagasy Early Holocene Interval (Voarintsoa et al., 2017c). Within the 224 
interval of interest, we found two troughs (i.e., more negative isotopic values), separated by a short 225 
interval (~20 years) of higher δ18O and δ13C.  These two troughs will be referred in the discussion 226 
section as sub-events (to avoid potential confusion with the worldwideÐnamed 8.2 ka event). Using 227 
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the StalAge best fit age model of Stalagmite ANJB-2, the first sub-event (here named sub-event 228 
8.3 ka) is defined between 8.37 and 8.25 ka BP, the second sub-event (here named sub-event 8.2 229 
ka) between 8.23 and 8.10 ka BP, and each sub-event begins with an abrupt decrease in isotopic 230 
values from high to low values. The 8.3 ka sub-event has a trough of smaller amplitude (around Ð231 
6.59ä and Ð10.70ä for δ18O and δ13C, respectively), whereas the second sub-event, has a trough 232 
with greater amplitude (around Ð7.95ä and Ð11.9ä for δ18O and δ13C, respectively), and it 233 
coincides in timing with the well-known Ò8.2 ka eventÓ (e.g. Thomas et al., 2007; Vinther et al., 234 
2009).  235 
Microscopic observation of Stalagmite ANJB-2 thin sections allowed us to identify the 236 
following sequence of deposition. Type E surfaces are observed at the onset of both the 8.3 and 237 
8.2 ka sub-events (Fig. 2), which closely coincide with the pulses identified in the isotopic records. 238 
Type E surfaces are layer-bounding surfaces where the previously deposited spelean layers were 239 
truncated/eroded by undersaturated dripwater during exceptionally wet conditions (see details in 240 
Railsback et al., 2013). In each case, the erosion is followed by the deposition of a laminated 241 
primary calcite layer. Each sub-event ends with the deposition of aragonite. The nature of the layer-242 
bounding surface between calcite and aragonite is conformal, with no significant evidence of 243 
truncation of the previously deposited layer. A very simplified sketch portraying this stratigraphic 244 
succession is shown in Fig. S2. 245 
We also found another trough, similar in amplitude with the 8.2 ka sub-event, around 8.7 246 
ka BP (Fig. 3). Mineralogy in that interval is calcite, which overlies a Type E surface. The 8.7 ka 247 
event appears to be an abrupt event, and using the best fit chronology model from StalAge, it lasted 248 
only ~35 years. Although this 8.7 ka event may represent an important climatic event, we will 249 
mainly focus our discussion section around the globally recognized Ò8.2 ka eventÓ. 250 
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4.2. Simulations 251 
Figure 6 depicts the time series of the simulated temperature and precipitation over NW 252 
Madagascar during the prominent 8.2 ka event in the Ô4.24m_100yrÕ Ðsimulation in Matero et al., 253 
(2017). Overall, the climatic response in NW Madagascar to the 8.2 ka event forcing is not 254 
statistically significant. We did not find significant changes in temperature, such as has been noted 255 
by Morill et al. (2013b), and only a slight increase in the mean precipitation (up to 4%) was 256 
observed. However, large and abrupt increases in precipitation (~10%) were noticed over few short 257 
periods, mainly around model years 190, 230, 250, and 290 (i.e., around years 8251, 8210, 8190, 258 
and 8150). Such changes may be influenced by the southward shift in the mean position of the 259 
ITCZ in the southern tropics in response to the Labrador Sea freshwater forcing (Matero et al., 260 
2017), and other climatic factors could additionally play some role (see Section 5.4.2). 261 
 262 
FIG. 8 here (2Ðcolumn fitting page) 263 
FIG. 9 here (2Ðcolumn fitting page) 264 
 265 
4.3. Data-model comparison  266 
Data-model comparison for NW Madagascar suggests that even though paleoclimate 267 
reconstructions from Stalagmite ANJB-2 and outputs from HadCM3 model simulation combine 268 
to indicate an overall wetter condition in Madagascar during the event period, a mismatch between 269 
proxies and simulation outputs exists. The speleothem proxy records show significant negative 270 
anomalies during the event period (Fig. 3; Section 4.1). In contrast, climate simulations show that 271 
changes are statistically non-significant (Fig. 6; Section 4.2). A KS-test between the control run 272 
and the 8.2 ka model scenarios shows that they have different distributions (D= 0.1165, p=0.028Ð273 
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0.030, with a two-sided alternative hypothesis; Fig. 7). Kirkman online KS-test results also suggest 274 
that the control run is normally distributed (p=0.92), whereas the 8.2 ka simulation is not (p=0.09).  275 
Figures 8 and 9 expand on this data-model comparison, in which paleoclimate data from 276 
Venezuela (Cariaco Basin), Brazil (Padre Cave), Spain (Kaite Cave), Oman (Qunf Cave), and 277 
China (Dongge Cave) are compared with the model output. Methods for comparison are discussed 278 
above (Section 3.4). Spatial and temporal distributions of the modelled precipitation anomalies is 279 
significantly different from one region to another (Figs. 8 and 9). In all regions, but China (Dongge 280 
Cave), KS-test suggest that the 8.2 ka model scenarios and the control run have different 281 
distribution (Fig. 9), with greatest D values (0.43) in Venezuela. DataÐmodel comparisons also 282 
suggest a mismatch, the possible causes of which are discussed in Section 5.4.3. 283 
5. Discussion 284 
5.1. Speleothem stable isotopes and their implications 285 
Variations in speleothem carbonate δ18O and δ13C are commonly used as proxies for 286 
paleoclimate and paleoenvironmental reconstruction (see review by Wong and Breecker, 2015; 287 
see also McDermott, 2004, and Lachniet, 2009). For a comprehensive review of karst systems and 288 
speleothem records, see Fairchild and Baker (2012). They can be influenced by conditions (1) 289 
inside the cave (e.g., temperature, ventilation, the magnitude of kinetic fractionation), (2) above 290 
and around the cave (e.g., geochemistry of the bedrock, nature and extent of vegetation cover), 291 
and (3) outside the cave that can be felt at short timescales (e.g. seasonality) and/or long timescales 292 
(e.g. glacial vs. interglacial period).  293 
Inside caves, kinetic effects during carbonate precipitation influence isotopic composition 294 
of individual spelean layers, and can contribute to variability in speleothem records (e.g., Mickler 295 
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et al., 2004, 2006; McDermott et al., 2006; Daron et al., 2011). Kinetic effects may play a 296 
significant role in the isotopic fractionations accompanying degassing, evaporation, biologically 297 
mediated reactions, diffusion, and calcite precipitation along a spelean growth surface (Dietzel et 298 
al., 2009; DePaolo, 2011). In such scenarios, oxygen isotope fractionation between water and 299 
dissolved inorganic carbon (DIC) becomes fast, leading to high δ18O values of precipitated 300 
carbonate that deviate from Hendy (1971)Õs predicted thermodynamic equilibrium. Hendy (1971) 301 
suggested a theory that a progressive increase and the covariance between δ18O and δ13C in fast-302 
growing calcite along a stalagmite growth axis indicate a deviation from equilibrium. This 303 
conclusion led to further investigation for covariations along selected speleothem laminae (i.e., the 304 
ÔHendy testÕ), which is a relatively difficult task to complete in most speleothems because 305 
individual lamina is too thin to sample. Because Delta Plus at 50¡C allows a small sample size 306 
(50Ð100 µg of CaCO3 powders), thus requiring only a very small trench (1.5 × 0.2 × 0.5 mm), 307 
performing a layer-specific Hendy test was possible on few selected layers (Section 3.1). Results 308 
of such exercises are shown in Figure 4, and they suggest that δ18O and δ13C are positively 309 
correlated. In addition, δ18O and δ13C of layer B (transition between sub-event 8.3 ka and sub-310 
event 8.2 ka) and layer C (a layer equivalent to modern precipitates) become progressively 311 
enriched away from the stalagmite growth axis, likely suggesting a progressive evolution of the 312 
DIC during progressive CO2 degassing and calcite precipitation (Mickler et al., 2006). In contrast, 313 
layer A (sampled at the onset of the 8.3 ka subevent) does not enrich away from the growth axis, 314 
suggesting that spelean layer may have been deposited in isotopic equilibrium with the cave drip 315 
water in a 100% relatively humid cave chamber (i.e., reflecting wet climate). A Major Axis 316 
Regression Hendy test along the growth axis of Stalagmite ANJB-2 also suggests that δ18O and 317 
δ13C are strongly correlated between 8.00 and 8.75 ka BP (r2= 0.53), whereas before (9Ð8.75 ka 318 
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BP) and after (8Ð7.8 ka BP) this interval, a weaker correlation is observed (r2= 0.31 and 0.16, 319 
respectively; Fig. 5). In summary, the modern cave temperature (~24.5Ð26 ¡C), the relative 320 
humidity (72Ð87%), the PCO2 (~400Ð500 ppm), and the results from both layer-specific and along 321 
the growth axis Hendy tests suggest that kinetic fractionation occurs today, and it could also 322 
happen in the past in our study cave, except at the onset of the sub-event when relative humidity 323 
in the cave was predicted to be ~100%. Kinetic isotopic effects are a very common phenomenon 324 
in caves, where mean annual cave temperature exceeds 10¡C (e.g., Baker et al., 2018). 325 
Although kinetic effects may be one factor modifying the isotopic composition in 326 
stalagmite ANJB-2, it is additionally important to note that δ18O values in tropical regions, like 327 
Madagascar, are influenced by the amount effect and seasonality (see Section 2.4 and Fig. 2 of 328 
Voarintsoa et al., 2017b; see also Dansgaard, 1964; Kurita et al., 2009; Lachniet, 2009; 329 
McDermott, 2004; and Rozanski et al., 1993), so our primary interpretation of speleothem δ18O 330 
will be based on the amount effect. The replicability of δ13C and δ18O from previously published 331 
younger stalagmites (e.g., Burns et al., 2016; Voarintsoa et al., 2017b; Scroxton et al., 2017) from 332 
the same cave also suggests that stable isotope proxies from that cave can provide robust evidence 333 
that the isotope data can be interpreted directly in terms of external forcing factor. The 8.2 ka event 334 
is additionally replicated in a two-meter stalagmite from the same cave (currently in preparation 335 
by Wang and coworkers), in which the 8.2 ka event is marked by a major Type E, erosional, surface 336 
at which about 260 years (8.22 to 8.48 ka) of deposits were removed. While referring to Dorale 337 
and Liu (2009), who pointed out that changes in environmental conditions outside the cave can 338 
additionally lead to co-varying δ13C and δ18O along the growth axis of the speleothem, the 339 
correlation between δ13C and δ18O in Stalagmite ANJB-2 can best reflect a relationship between 340 
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hydroclimate and vegetation during the event period. Hence, we interpret changes in δ13C as proxy 341 
for climateÐinduced vegetation and hydrological changes during the event period. 342 
 343 
5.2. Mineralogy and nature of layer-bounding surfaces: unconventional proxies for 344 
paleoenvironmental reconstruction 345 
The stratigraphic succession of Type E surface, calcite, and aragonite for each event 346 
described in Section 4.1 can be explained as follows. The onset of each sub-event is marked by an 347 
exceptionally wet condition, as suggested by the presence of a Type E surface. Deposition of 348 
calcite indicates a continuation of the relatively wet conditions, which are also indicated by lower 349 
isotopic values. Primary calcite in speleothems generally indicates wet climate in a bi-mineralic 350 
stalagmite (e.g. Hill and Forti, 1997, p. 237Ð238; Railsback et al., 1994; Sletten et al., 2013; 351 
Voarintsoa et al., 2017a, b). Deposition of aragonite later in the event suggests that each event 352 
terminated with relatively drier conditions. Since aragonite has been interpreted to indicate warm 353 
and dry climates (Cabrol and Coudray, 1982; Moore 1956; Burton and Walter, 1987; Morse et al., 354 
1997; Murray, 1954, Pobeguin, 1965, Thrailkill, 1971, Harmon et al., 1983), the presence of calcite 355 
layer above the Type E surface, i.e., after the onset of each event, could potentially suggest wetter 356 
conditions with subsequent evaporative cooling effect inside the cave (e.g. Cuthbert et al., 2014). 357 
 358 
5.3. Paleoclimate reconstruction summary for NW Madagascar 359 
The best fit StalAge model chronology (see Section 3.1, Fig. 2b), δ18O and δ13C values, 360 
mineralogy, and petrography of Stalagmite ANJB-2 combine to suggest a wetter climate in NW 361 
Madagascar at the onset of the 8.3 and the 8.2 ka sub-events. The 8.3 ka sub-event began with the 362 
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formation of a Type E surface and low δ18O and δ13C values, followed by the deposition of calcite, 363 
all of which combine to indicate wet conditions. This first sub-event lasted approximately 110 364 
years. The 8.2 ka sub-event also began with the formation of a Type E surface and low δ18O and 365 
δ13C values, followed by the deposition of calcite. It coincided with the most prominent event, 366 
widely known as the 8.2 ka event (Thomas et al., 2007; Vinther et al., 2009; Fig. 3), and it lasted 367 
ca. 140 years. The two events were separated by a short interval (ca. 20 years) of dry conditions, 368 
where a positive isotopic shift and aragonite were found in the record. This short dry period may 369 
record a weaker monsoon in Madagascar (Fig. 3), whereas the wet conditions may indicate a 370 
stronger monsoon.  371 
 372 
FIG. 10 here (2Ðcolumn fitting page) 373 
5.4. Global comparison of paleoclimate data 374 
5.4.1. Understanding linkages with low latitude records and monsoonal regions 375 
Fig. 10B shows a time series comparison between speleothem δ18O proxy data from Brazil, 376 
Oman, China, and Spain, along with a % Ti proxy from Venezuela. In that figure are presented the 377 
age uncertainties of the terrestrial records, except for the Cariaco Basin, where uncertainties were 378 
not specified in the publication source (Haug et al., 2001).  379 
The two sub-events in Stalagmite ANJB-2 have also been identified in Stalagmite LV5 380 
isotopic records from Kaite Cave in Spain (Domnguez-Villar et al., 2009; Fig. 10B.b), and in 381 
Stalagmite PAD07 isotopic records from Padre Cave in Brazil (Cheng et al., 2009), although the 382 
8.3 ka sub-event is only marked by a small trough (Fig.10B.f). The LV5 records show similar 383 
timing for both sub-events, and the two troughs in the δ18O time series during the event period 384 
were interpreted to be caused by the release of large amounts of fresh waters into the North Atlantic 385 
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(Domnguez-Villar et al., 2009). The PAD07 records show a double plunge structure (Cheng et 386 
al., 2009), indicating monsoon strengthening during the sub-event period. These PAD07 plunges 387 
also appear to coincide with the two cooling events in the subpolar North Atlantic (Clark et al., 388 
2001; Ellison et al., 2006; Fig. 10A), potentially suggesting causal relationships (Cheng et al., 389 
2009). This regional comparison may suggest that climate in Madagascar was in phase with 390 
climate in Brazil. Following the conclusion of Cheng et al. (2009), we could infer that monsoonal 391 
system in Madagascar (MM) was in phase with the South American Summer Monsoon (SASM), 392 
and that they may be influenced by changes in the North Atlantic region. 393 
Comparison with other climatic records suggests a clear antiphase relationship between the 394 
northern and southern hemisphere monsoonal regions during the prominent 8.2 ka sub-event. This 395 
finding agrees with the conclusion of Cheng et al. (2009). This antiphase relationship could be 396 
inferred from the more positive δ18O values in Stalagmite D4 (Cheng et al., 2009) and in Stalagmite 397 
Q5 (Fleitmann et al., 2003), and the low % Ti values in ODP 1002 (Haug et al., 2001), all 398 
suggesting drier conditions (i.e., weaker monsoon), versus the more negative δ18O records from 399 
Stalagmite ANJB-2 and Stalagmite PAD07, suggesting wetter conditions (i.e., stronger monsoon). 400 
In contrast, the first 8.3 ka sub-event does not show a clear climate antiphase relationship between 401 
the two hemispheres, although a slight tendency towards wetter conditions may be inferred from 402 
the NH records. This climatic condition could be inferred from the more negative δ18O values in 403 
Stalagmite D4 (Cheng et al., 2009), the more negative δ18O in Stalagmite Q5 (Fleitmann et al., 404 
2003), and the high % Ti in ODP 1002 (Haug et al., 2001) (Fig. 10B). Although such evidence is 405 
still open to further investigation, it could probably indicate not simply a southward shift but 406 
possibly a slight northward expansion of the ITCZ (see for example Frierson et al., 2007; Collins 407 
et al., 2011; Singarayer and Burrough, 2015). 408 
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5.4.2. Understanding linkages with high latitude records 409 
In addition to the correlation previously observed between the stalagmite ANJB-2 δ18O and 410 
δ13C records and the Greenland ice core δ18O records (Voarintsoa et al., 2017c), we also found 411 
another striking aspect. The two troughs seen in the records from Madagascar (Section 4.1; Fig. 412 
3) appear to correlate with the two cooling events observed in the subpolar North Atlantic (Clark 413 
et al., 2001; Ellison et al., 2006), with an estimated time lag of 207 years and 167 years for the first 414 
and second sub-event, respectively (Fig. 10A). This estimated time lag considers the best fit 415 
chronology model of the speleothem records and the published chronology of Ellison et al. (2006), 416 
but they are also within the dating uncertainties of the records.  417 
This correlation may suggest causal relationships, i.e., the inferred wet conditions and 418 
stronger monsoonal responses in NW Madagascar (Section 5.3) may have been related to 419 
southward displacements of the mean latitudinal position of the ITCZ (Matero et al., 2017), which 420 
in turn was influenced by the freshwater perturbations of the AMOC from the Laurentide Ice Sheet 421 
(e.g. Daley et al., 2011; Barber et al., 1999; Clark et al., 2001; Renssen et al., 2001; Clarke et al., 422 
2004; LeGrande et al., 2006; Alley and çgstsdttir, 2005; Teller et al., 2002; Clarke et al., 2004). 423 
The perturbations can be summarized as follows, increased freshwater flux to the North Atlantic 424 
decreased the formation of the North Atlantic Deep Water, reducing the meridional heat transport 425 
(Barber et al., 1999; Clark et al., 2001; Daley et al., 2011; Vellinga and Wood 2002; Dong and 426 
Sutton 2002, 2007; Dahl et al. 2005; Zhang and Delworth 2005; Teller et al., 2002). This led to a 427 
significant change to the major downwelling limb of the AMOC (Ellison et al., 2006), resulting in 428 
widespread cooling in the NH regions (e.g. Clark et al., 2001; Thomas et al., 2007; see also fig. 8 429 
of Morrill et al., 2013b) but warming in the SH regions (Wiersma et al., 2011; Wiersma and 430 
Renssen, 2006; Ljung et al., 2008). This climate response is similar to the Òbipolar seesawÓ effect, 431 
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well-known during the last glacial (e.g. Crowley, 1992; Broecker, 1998), and this effect could have 432 
led to the southward displacement of the mean position of the ITCZ from a cooler NH (e.g., Chiang 433 
and Bitz, 2005; Broccoli et al., 2006) and/or an expansion of the African rain belt (e.g., Frierson 434 
et al., 2007; Collins et al., 2011; Singarayer and Burrough, 2015) during the prominent 8.2 ka 435 
abrupt event, responsible for an intensified monsoon in Madagascar. 436 
The presence of the 8.3 ka and the 8.2 ka sub-events in several records (Fig.10B) could 437 
additionally suggest that the prominent Ò8.2 ka eventÓ, observed in several paleorecords and 438 
climate simulations as an anomaly event of the early Holocene, could have initially been an 439 
aftermath response to the first low-amplitude 8.3 ka sub-event.  The trigger, the origin, and the 440 
mechanisms behind the 8.3 ka sub-event are still poorly known. However, three potential inter-441 
dependent factors can be considered. First, the 8.3 ka sub-event could be explained by a linkage 442 
with the formation of the North Atlantic Deep Water, a main component of the AMOC. While 443 
analyzing deep-sea sediment core (MD99Ð2251) that was recovered from the southern limb of the 444 
Gardar Drift in the subpolar North Atlantic, Ellison et al. (2006) proposed a preconditioning of the 445 
North Atlantic by enhanced meltwater input, causing extensive cooling and freshening in the North 446 
Atlantic Ocean, further weakening the AMOC. This preconditioning hypothesis has been 447 
discussed in other studies (e.g. Hillaire-Marcel et al., 2007; Wiersma, 2008; Young et al., 2012; 448 
Matero et al., 2017). Second, it could be an influence and teleconnection with changes in the 449 
Southern Hemisphere, via the Aghulas Current (AC), a warm current adjacent to the southwestern 450 
coast of Madagascar and south of Africa. The AC carries a vast amount of heat southward from 451 
the warm and salty surface water of the tropical Indian Ocean to the cold Atlantic Ocean through 452 
the Mozambique Channel (e.g. Lutjeharms, 2006; Beal et al., 2011), often referred as the Aghulas 453 
water leakage (Rhs et al., 2013; De Ruijter et al., 1999). Although this leakage represents only a 454 
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quarter of the return flow of the Òglobal conveyor beltÓ (Broecker, 1991), it plays a role in global 455 
ocean heat fluxes between the ocean and the atmosphere (e.g. Fetter et al., 2007; Rhs et al., 2013), 456 
particularly in the global overturning circulation (e.g. Fetter et al., 2007; Lutjeharms, 2006; Rhs 457 
et al., 2013; Beal et al., 2011). The preconditioning of the North Atlantic discussed earlier could 458 
have not only enhanced extensive cooling and freshening in the North Atlantic Ocean but also 459 
enhanced warming in the South Atlantic, near the Aghulas Current. Such a temperature gradient 460 
could enhance heat transport to the NH via atmospheric and oceanic teleconnection, influencing 461 
melting of the Laurentide Ice Sheet, and could trigger the prominent freshwater outburst during 462 
the 8.2 ka event. A third factor could be associated with monsoons, but the mechanism may be 463 
more complicated as this must involve more complex land-ocean-atmosphere interactions. 464 
5.4.3. Understanding the model-data mismatch 465 
The dataÐmodel mismatch presented in Section 4.3 is not a new issue in dataÐmodel 466 
comparison studies (see for example Lunt et al., 2012; Phipps et al., 2013; Dee et al., 2015), and 467 
this problem could lie either in the climate model simulation, in the paleoclimate proxy, or in both 468 
model and data.  469 
For the data, one possible explanation for the mismatch could be the current limited 470 
understanding of the controlling factors driving changes in the speleothem δ18O and δ13C. 471 
Although the Òamount effectÓ is believed to be the dominant factor influencing δ18O in tropical 472 
regions, other internal and external factors could potentially complicate things (see Section 5.1). 473 
Kinetic isotopic effects inside the cave could be one factor accentuating the proxy signals (see 474 
Section 5.1). Limited accuracy in the paleoclimate chronology could also introduce uncertainty in 475 
paleoclimate reconstruction. One could also argue for potential changes in the moisture source for 476 
precipitation and in associated storm trajectories. The change in δ18O values of the moisture source 477 
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appears to be a reasonable explanation for these isotopic changes, assuming that the freshwater 478 
perturbations experienced within the AMOC had altered the moisture sourcesÕ δ18O values and 479 
other associated climate variables. This could later be recorded in geological proxies such as the 480 
speleothem from Spain (e.g., Domnguez-Villar et al., 2009), and possibly the records from 481 
Madagascar (this study). Other climatic phenomena, such as the Indian Ocean Dipole (Saji et al., 482 
1999; Zinke et al., 2004) and El-Nino Southern Oscillation (e.g. Brook et al., 1999) could also play 483 
additional roles in bringing occasional heavy rainfall to the target region, but the transfer time 484 
between climatic events to proxy records is not yet fully understood to provide comprehensive 485 
understanding of this.  486 
For the model simulation, a possible explanation for the mismatch could lie in the model 487 
not properly reproducing the processes affecting changes in precipitation and temperature that may 488 
have driven the changes seen in the speleothem records. The model simulations may produce a 489 
year to year change. Another possible explanation could be linked to uncertainties associated with 490 
the output climatologies on a regional and temporal scale. Although GCM predictions of 491 
paleoclimate (Taylor et al., 2012) are quite consistent globally, there is still a considerable 492 
uncertainty in predicting regional precipitation fields and changes over time (e.g., Braconnot et al., 493 
2012; Harrison et al., 2015). The model HadCM3 GCM used in this study (Matero et al., 2017) 494 
has been focused on simulating meltwater pulses produced by the Hudson Bay ice saddle collapse, 495 
using well-constrained meltwater scenarios as a function of melt rates that were inferred from 496 
known processes of ice retreat (Gregoire et al., 2012) and as a function of melt volumes derived 497 
from sea level records (Trnqvist and Hijma, 2012; Lambeck et al., 2014). The forcing in the study 498 
principally shows the shift in the ITCZ; however, the expected changes could be more complex 499 
than that. In addition, quantitative constraints on the modeled amount of precipitation are still 500 
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limited, and it is also possible to assume that the forcing was not only responsible for the latitudinal 501 
shift but also it could have caused an expansion/contraction of the tropical rain belt (e.g., 502 
Singarayer and Burrough, 2015). It is also very likely that Òa model may represent the observed 503 
change in one region and fail to capture the correct change in anotherÓ (Braconnot et al., 2012). 504 
Hence, future model-data comparison could consider developing a modelling study focusing on 505 
simulating warming of the Aghulas Current, and its linkage to the AMOC during the same event 506 
period, as this could possibly bring a better understanding on the climate linkage between cold 507 
deep waters and warm surface currents, and a better understanding of the relationship between the 508 
northern latitudes, the tropics, and the monsoonal regions. 509 
Finally, one cannot ignore that a major limitation in dataÐmodel comparison still lies in the 510 
different sets of variables produced by paleoclimate proxies and climate models. On one hand, 511 
models directly simulate physical variables such as temperature or precipitation, whereas 512 
paleoclimate proxies, on the other hand, are preserved physical characteristics of the past presumed 513 
to record climatic changes over time, and their interpretation to reflect climate is based on the 514 
physical and chemical processes associated with their formation. Obviously, a lot of efforts from 515 
both paleoclimate modelers and paleoclimate scientists are still needed to improve this dataÐmodel 516 
comparison approach to better predict paleoclimate. 517 
6. Conclusions 518 
This data-model comparison study has led to the following conclusions. First, stalagmite 519 
records from Madagascar suggest two intervals of wet conditions during sub-events 8.3 ka and 8.2 520 
ka, separated by ca. 20 years of drier conditions. The two wet phases appear to be linked to two 521 
cooling events in the subpolar North Atlantic via oceanic and atmospheric teleconnections. 522 
Although there are still uncertainties regarding temporal evolution of the meltwater flux to the 523 
24/56 
 
North Atlantic from the melting Laurentide Ice Sheet, and although our simulations (Matero et al., 524 
2017) do not have a two-stage sequence of freshwater forcing, the two distinct cooling events in 525 
the subpolar North Atlantic (Fig.  5A; Clark et al., 2001; Ellison et al., 2006) seem to have left 526 
signatures in the records from NW Madagascar (e.g., changes in moisture sourceÕs δ18O). Model 527 
HadCM3 outputs suggest that the period of increased precipitation and monsoon intensification in 528 
NW Madagascar was consistent with the southward shift of the mean position of the ITCZ, which 529 
was linked to the weakening of the AMOC after the abrupt influx of freshwater into the North 530 
Atlantic (Barber et al., 1999; Clarke et al., 2001; Daley et al., 2011; Vellinga and Wood 2002; 531 
Dong and Sutton 2002, 2007; Dahl et al. 2005; Zhang and Delworth 2005; Matero et al., 2017). 532 
The global significance of the records from Madagascar confirms the need for more high-533 
resolution paleoclimate data from the Southern Hemisphere, particularly within the tropics. The 534 
data are needed to improve the dataÐmodel comparisons. 535 
Inter-comparison of paleoclimate time series suggests a clearer antiphase relationship 536 
between the Southern and Northern Hemisphere monsoonal regions during the second 8.2 ka sub-537 
event compared to the first 8.3 ka sub-event. This demonstrates the complexity of land-538 
atmosphere-ocean interactions. Data-model comparisons further suggest a mismatch between the 539 
simulated climate anomalies and the paleoclimate time series, the causes of which are more or less 540 
understood, but much effort from climate modelers and paleoclimate scientists is still needed to 541 
improve such comparison, so that both paleoclimate data and paleoclimate model will predict the 542 
likely climate status of a region during a specified time in the past with minimum uncertainties. 543 
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 990 
Figure 1: a) Global map from NASA Earth Observatory TRMM (2016) showing the geographic 991 
position of Madagascar and its position relative to the Inter-Tropical Convergence Zone (darker 992 
blue shading). The study location is indicated by a red star, and the other relevant locations 993 
discussed in the text are shown in yellow circle. b) Historical precipitation data from 1901 to 2015. 994 
c) Historical temperature data from 1901 to 2015. Historical climatology data (bÐc) were produced 995 
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by the Climatic Research Unit (CRU) of University of East Anglia, and they made available at the 996 
World Bank Group Climate Change Knowledge Portal (2017). 997 
 998 
 999 
Figure 2: Stalagmite ANJB-2. a)  Scanned image of the lower portion of Stalagmite ANJB-2 and 1000 
the corresponding trenches for radiometric dating (black lines). The two blue arrows represent the 1001 
first and second pulse, i.e. the onset of the 8.3 and 8.2 ka BP sub-events, respectively. Numbers in 1002 
red are the rejected 230Th data. Vertical rectangle is elaborated in Fig. 2e as a mosaic of 1003 
photomicrographs. b) Age model built using StalAge of Scholz and Hoffman (2011; see Fig. S1 1004 
for details). Circled in red are the major outliers, rejected in the chronology reconstruction. c) 1005 
Petrography and mineralogy logs using a slice from the stalagmite scan. d) Depth profile of δ18O 1006 
and δ13C. e) A mosaic of photomicrographs of selected section of the lower part of Stalagmite 1007 
ANJB-2 (see Fig. 2a). 1008 
 1009 
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 1010 
Figure 3: Timing and characteristics of the Ò8.2 kaÓ event in NW Madagascar. Blue thin vertical 1011 
arrows represent the first and second pulse, i.e. the onset of the 8.3 and 8.2 ka BP event, 1012 
respectively, similar to those in Fig. 2 (indicated with roman numbers I and II). Dashed blue and 1013 
red lines represent the overall trend line of the isotopic records for δ18O and δ13C, respectively. 1014 
Smooth curves are polynomial curves fitting each isotopic point with a sine function. 1015 
 1016 
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 1017 
Figure 4: Layer-specific Hendy test on layers A, B, and C. The first δ18O and δ13C samples near 1018 
the growth axis (indicated by stars) are old data, from 2015 measurement. New data points (2018) 1019 
are in blue square and red diamonds. See text for discussion. 1020 
 1021 
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 1022 
Figure 5: Hendy test along the growth axis of the lower 194 mm of Stalagmite ANJB-2, using the 1023 
parametric Pearson correlation coefficient. The mathematical form of the correlation is expressed 1024 
using the Major Axis of the Model II Regression. 1025 
 1026 
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 1027 
Figure 6: Time series for the modelled climate anomalies of the nearest grid box (centered at15¡S, 1028 
45¡E, shown in red square in the small inset figure) to Northwestern Madagascar for the saddle 1029 
collapse simulation with respect to the control run with only the background freshwater flux of 1030 
0.05 Sv. a) Simulated surface air temperature (¡C) time series. b) Simulated precipitation rate 1031 
(mm/a) time series.  1032 
 1033 
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 1034 
Figure 7: KS-test results between the control run and the 8.2 ka model scenarios in NW 1035 
Madagascar. 1036 
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 1037 
 1038 
Figure 8: Maps of the modelled precipitation anomalies during the 8.3 ka and the 8.2 ka sub-1039 
events, with the six relevant locations and the climatic inferences from the paleoclimate proxies. 1040 
The anomalies are calculated as annual means for a 30-yr period centered at the timing of the peak 1041 
in the freshwater forcing. Stippling indicates significant difference at 99% level according to 1042 
WelchÕs t-test. 1043 
 1044 
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 1045 
Figure 9: DataÐmodel comparison for the six regions presented in Figs. 8 and 10B. a) 1046 
Normalized values. b) Standardized values. D and p values in panel b represent the KS-test 1047 
summary between model scenario and the control run for each location. 1048 
 1049 
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 1050 
Figure 10: Global perspective of the 8.2 ka event. A. Comparison of the two wet phases (I, II) in 1051 
Madagascar (this study) with the two cooling events (I, II) in the subpolar north Atlantic (top three 1052 
profiles; Ellison et al., 2006). ∆t1 and ∆t2 are respectively the estimated time difference between 1053 
the first/second cooling event and the first/second troughs in Stalagmite ANJB-2, using the best 1054 
fit chronology of the samplesÕ time series. See section 5.4.2 for discussion. B. The 8.2 ka in general 1055 
perspective and corresponding monsoonal inferences from stalagmites isotopic records. a) 1056 
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Greenland δ18O from ice cores (Thomas et al., 2007; Vinther et al., 2009). b) Spain δ18O from 1057 
Stalagmite LV5 (Kaite Cave; Domnguez-Villar et al., 2009). c) China δ18O from Stalagmite D4 1058 
(Dongge Cave; Cheng et al., 2009). d)  Oman δ18O from Stalagmite Q5 (Qunf Cave; Fleitmann et 1059 
al., 2003). e) Venezuela sediment bulk titanium content (%) from ODP site 1002 (Cariaco Basin; 1060 
Haug et al., 2001). f) Brazil δ18O from Stalagmite PAD07 (Padre Cave; Cheng et al., 2009).  g) 1061 
Madagascar δ18O from Stalagmite ANJB-2 (Anjohibe; this study). AM, SASM, and MM stand for 1062 
Asian Monsoon, South American Summer Monsoon, and Malagasy Monsoon, respectively. 1063 
Horizontal bars represent the age uncertainties for each corresponding record. 1064 
 1065 
  1066 
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Table 1: 230Th dates with 2 sigma error. ANJB-2-U120 and ANJB-2-U120R, bold italicized data, 1067 
were rejected (see Fig. 2b).!!1068 
!1069 
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Figure S1: The four major steps in the StalAge chronology modelling for the basal age data of 
Stalagmite ANJB-2. a) Age data with corresponding original errors. b) identification of minor 
outliers. c) age modelling using the Monte Carlo simulation with different fits. d) final age model 
with the corresponding 95%-confidence limits. 
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Figure S2: Simplified sketch showing the relationship between petrography, mineralogy, stable 
isotope fluctuation, and paleoclimate inferences. Roman numbers I and II are used here to represent 
the first and second sub-events, i.e. the 8.3 and 8.2 ka BP sub-event, respectively. Each sub-event 
starts with a Type E, i.e. erosional, surface and terminated with the deposition of aragonite. (see 
Sections 4.1 and 5.2). 
 
